Scientific and technological breakthroughs have compelled the current players in drug discovery to increasingly incorporate knowledge-based approaches. This evolving paradigm, which has its roots attached to the recent advances in medicinal chemistry, molecular and structural biology, has unprecedentedly demanded the development of up-to-date computational approaches, such as bio-and chemo-informatics. These tools have been pivotal to catalyzing the ever-increasing amount of data generated by the molecular sciences, and to converting the data into insightful guidelines for use in the research pipeline. As a result, ligand-and structure-based drug design have emerged as key pathways to address the pharmaceutical industry's striking demands for innovation. These approaches depend on a keen integration of experimental and molecular modeling methods to surmount the main challenges faced by drug candidates -in vivo efficacy, pharmacodynamics, metabolism, pharmacokinetics and safety. To that end, the Laboratório de Química Medicinal e Computacional (LQMC) of the Universidade de São Paulo has developed forefront research on highly prevalent and life-threatening neglected tropical diseases and cancer. By taking part in global initiatives for pharmaceutical innovation, the laboratory has contributed to the advance of these critical therapeutic areas through the use of cutting-edge strategies in medicinal chemistry.
INTRODUCTION
Modern drug research and development (R&D) has experienced remarkable changes as technological and scientific developments in the past years have dramatically changed the pharmaceutical innovation process. Well-established strategies, such as high-throughput screening (HTS), have progressively been applied in association with novel techniques founded on genomics, molecular and structural biology and molecular modeling (Taboureau et al. 2012) . Altogether, these cuttingedge fields have provided outstanding advances for our comprehension of the fundamental cellular and molecular mechanisms of diseases in addition to enabling important progress in the technological arsenal used in drug discovery. Combined with LEONARDO G. FERREIRA, GLAUCIUS OLIVA and ADRIANO D. ANDRICOPULO novel methods in organic synthesis, such as combinatorial chemistry, these forefront approaches have built a novel paradigm in the research-based pharmaceutical industry (Dopazo 2014) .
The incorporation of molecular and computational strategies to drug development along with organic synthesis approaches has led to a sharp increase in the availability of biological, structural and chemical data. Additionally, this evolving scenario has caused a remarkable rise in the complexity of the R&D process (Juliano 2013). As a result, current drug discovery has become strongly dependent on the establishment of closely connected experimental and computational research platforms. The implementation of this type of strategy has become pivotal to extract knowledge from the generated data and predict key events related to drug action and safety. The importance of these knowledge-based approaches in medicinal chemistry has been corroborated by the growing number of publications communicating the use of these strategies in the identification of promising drug candidates, many of them going through clinical trials and being approved for clinical use (Eder et al. 2014) .
These modern R&D strategies usually combine structure-and ligand-based drug design methods (SBDD and LBDD, respectively) and many different computational and experimental techniques. Widely used SBDD technologies, X-ray crystallography, molecular docking and structure-based virtual screening have provided important insights into ligand-receptor molecular recognition. On the other side, LBDD techniques, such as pharmacophore modeling, quantitative structure-activity relationships (QSAR), and ligand-based virtual screening, have been broadly used to probe small-molecule virtual databases and identify correlations between biological activity and chemical structure (Trossini et al. 2009 , Castilho et al. 2009 ). Additionally, as a core approach in modern pharmaceutical R&D, quantitative structure-property relationships (QSPR) have been pivotal for estimating events associated with drug absorption, distribution, metabolism, excretion and toxicity (ADMET) (Berhanu et al. 2012 ).
STRUCTURE-AND LIGAND-BASED DRUG DESIGN
SBDD is the use of 3D structures of molecular targets to enhance ligand-receptor complementarity and improve parameters such as potency, affinity and selectivity. The 3D structures used in SBDD are mainly obtained by biophysical techniques such as X-ray crystallography and nuclear magnetic resonance (Surade and Blundell 2012) . The use of SBDD approaches, specifically in the early stages of the R&D process, has allowed for the determination of 3D structures of many pharmacological targets and a precise delineation of their binding site characteristics, such as shape and electrostatic features. By unraveling these aspects, SBDD strategies enable the design of ligands with appropriate structural and physicochemical properties for an optimum interaction with the molecular target. The outlining and identification of putative ligands can be assisted by molecular modeling methods such as molecular docking and structure-based virtual screening (Ferreira et al. 2015) . Promising ligands, called hits, identified by these approaches can be subsequently tested for their potency and affinity against the molecular target. Once active hits are identified, they can be characterized regarding their binding mode by biophysical techniques, providing key information about the molecular aspects that drive the ligandreceptor interaction. Furthermore, characterizing the ligand-receptor binding mode enables the formulation of relationships between biological activity and structural data. Depending on these findings, medicinal chemistry approaches, including structure-activity relationship (SAR) studies, are performed to optimize the ligand DRUG DESIGN FOR CANCER AND TROPICAL DISEASES 3
properties (mainly those related to the affinity for the molecular target). LBDD approaches do not require knowledge of the receptor 3D structure. Instead, these studies demand information about the structure, activity, and other properties of compounds that are known to be active toward the investigated disease (Berhanu et al. 2012) . These data are used as inputs for the construction of QSAR and QSPR models that correlate the ligand properties, called molecular descriptors or independent variables, with pharmacodynamics or pharmacokinetics parameters, which are the dependent variables (Stanton 2012). These chemometric models are able to identify the ligand properties that more critically affect the dependent variable. Moreover, they are useful for conceiving novel compounds and predicting their dependent variables before synthesis and experimental evaluation. Also broadly applied in LBDD, pharmacophore models are used to identify the sites among a series of molecules that are most likely to engage in favorable molecular interactions with the molecular target (Baig et al. 2016) .
Both types of strategies, SBDD and LBDD, aim to identify novel hits and optimize them into lead compounds and ultimately into drug candidates. To that end, the identified compounds undergo a number of experimental evaluations that are relevant for the disease under investigation. The purpose of these investigations is to simultaneously optimize pharmacodynamics, pharmacokinetics and safety parameters. This is critical since in vivo drug efficacy depends on a sharp balance between potency toward the molecular target and suitable ADMET properties (Kirchmair et al. 2015) . Generally, these parameters are assessed by different types of in vitro techniques that can provide key information for use in the molecular optimization process when integrated with computational studies.
EXPERIMENTAL EVALUATION METHODS IN DRUG DISCOVERY
In vitro profiling for assessing biological activity is generally divided into target-based and phenotypic approaches (Swinney 2013) . Target-based methods are broadly used and are aimed at measuring the effect of the ligand toward the activity of the molecular target. Generally, they consist of binding, competition and enzymatic bioassays performed on the purified receptor and enzyme, whereby several useful parameters can be obtained. Among these parameters, we can highlight the concentration of inhibitor required to inhibit the activity of an enzyme by 50% (IC 50 ) and the receptor-inhibitor dissociation constant (K i ) (Copeland 2000) . In general, the molecular target samples used in these assays are obtained via recombinant DNA technologies or through purification from the biological tissues in which they are expressed (Overton 2014).
On the other hand, phenotypic approaches assess the ability of test compounds to produce biological effects in whole cells (Swinney 2013) . A common procedure is the evaluation of cell viability upon treatment with test compounds. These viability tests are broadly used in pharmaceutical R&D and have the advantages of determining the effect of compounds in the complex cellular environment and assessing cell uptake issues. Additionally, the use of normal human cells allows the evaluation of compound-induced cytotoxic effects. However, optimization of phenotypic hits in the absence of any information about the receptor 3D structure may be more challenging compared with targetbased approaches (Swinney and Anthony 2011) . I n a d d i t i o n t o t h e e v a l u a t i o n o f pharmacodynamics aspects, such as biological activity (e.g., potency, affinity, selectivity), pharmacokinetics assessment is critical in modern drug R&D. Poor pharmacokinetics is one of the leading causes for failure of drug candidates; thus, 4 LEONARDO G. FERREIRA, GLAUCIUS OLIVA and ADRIANO D. ANDRICOPULO pharmaceutical companies have invested in several novel strategies aimed at the early determination and prediction of absorption, distribution, metabolism and excretion (ADME) properties (Di 2015) . Pharmacokinetics is strongly dependent on the physicochemical parameters of the compounds, which determine the permeability of the drugs through several biological barriers imposed by the human body and, consequently, their ability to reach the molecular target site. It is also critical the amenability of the drug to undergo chemical transformations via metabolism enzymes that are mainly located in the liver. This process is required for converting highly lipophilic molecules to water-soluble metabolites that can be more easily eliminated from the body (Testa et al. 2012) . Considering these pharmacokinetics aspects, developing effective orally administered drugs is the main goal of pharmaceutical R&D. This requires the absorption of the drug candidate through the gastrointestinal epithelium and subsequent access to the bloodstream (Bergström et al. 2014 ). Failure to cross this biological barrier causes suboptimal bioavailability, which can lead to reduced or a lack of efficacy. Usually, in vitro techniques are used to evaluate human intestinal absorption (HIA) during the early stages of drug discovery. The assay based on Caco-2 cells, which are obtained from colon adenocarcinoma tumors, is the most used technique in the pharmaceutical industry to estimate HIA (Volpe 2011). The reliability of the Caco-2 model to evaluate drug permeability lies in the ability of these cells to acquire characteristics of the intestinal epithelium. This technique is used to evaluate both passive transport (through the cells or the cellular junctions) and active transport mediated by carriers such as P-glycoprotein (P-gp). Another frequently used technique, which is restricted to evaluating passive transport, is based on the Parallel Artificial Membrane Permeability Assay (PAMPA) (Volpe 2011). The PAMPA assay is more straightforward to execute and can yield results comparable to those obtained with the Caco-2 assay; therefore, it is a useful alternative to quickly deliver HIA estimates when large compound collections need to be screened.
Another critical matter in pharmaceutical R&D is the evaluation of drug metabolism. To that end, several techniques are currently available to measure the metabolic stability of drug candidates. These tests are additionally useful for estimating the potential for the emergence of drug-drug interactions (DDIs) due to the modulation of metabolism-associated enzymes (Galetin et al. 2010) . Usually, the pharmaceutical industry conducts in vitro metabolic stability studies along with computational investigations (Honório et al. 2013) . The evaluation of metabolic liabilities in the early phases of the discovery process is pivotal to exclude compounds that have unsuitable properties and design new ones that have enhanced profiles.
Among the available methods to conduct metabolic stability studies, the technique based on liver microsomes has become a widely used in vitro model (Asha and Vidyavathi 2010). These organelles contain a number of enzymes with the most important ones belonging to the cytochrome P450 (CYP) superfamily, which is involved in phase I metabolic reactions, such as oxidation, reduction and hydrolysis (Testa et al. 2012) . Cytochrome P450 enzymes are responsible for the metabolism of 90% of commercially available drugs. The most abundant isoform in the human liver, CYP3A4, is implicated in the metabolism of 50% of all marketed drugs and in a number of clinically relevant DDIs (Baranczewski et al. 2006) . The metabolic stability toward liver microsomal enzymes is determined based on the loss of the parent compound as measured at different time points. Since the output of these experiments is expressed as in vitro halflife (T 1/2 ) and intrinsic clearance (CL int ), metabolic stability studies can provide an estimate of important secondary pharmacokinetic parameters, such as hepatic clearance and bioavailability (Baranczewski et al. 2006) . If a molecule is quickly metabolized, its in vivo bioavailability is likely to be low and, therefore, molecular optimization efforts can be performed to improve its pharmacokinetics profile.
DRUG DISCOVERY AT THE LABORATORY OF MEDICINAL AND COMPUTATIONAL CHEMISTRY
SBDD and LBDD have been applied as forefront drug discovery approaches both in academic and industrial environments. In this context, these strategies have been employed over the past 15 years in a number of investigations at the Laboratório de Química Medicinal e Computacional (LQMC) in the Instituto de Física de São Carlos (IFSC) at the Universidade de São Paulo (USP). Life-threatening conditions, such as cancer, and neglected tropical diseases (NTDs) (e.g., schistosomiasis, leishmaniasis and Chagas disease) have been investigated via the integrated use of computational and experimental strategies in SBDD and LBDD (Postigo et al. 2011 ). These studies have combined several types of target-based and phenotypic assays and bio-and chemo-informatics approaches to investigate key aspects related to pharmacokinetics and pharmacodynamics (Moda and Andricopulo 2012) . To this end, leading-edge techniques, such as Caco-2, PAMPA and metabolic stability methods, have been implemented in LQMC. In addition, the laboratory team has developed chemoinformatics tools, such as highly predictive QSPR models, to estimate ADME properties (Moda al. 2008) . In this context, the drug discovery approach applied at LQMC demonstrates the full integration of molecular modeling, LBDD, SBDD, and target-based and phenotypic strategies for the investigation of drug activity and ADME parameters (Fig. 1) . In the next sections, selected studies exemplifying the research fields explored at LQMC will be highlighted.
CANCER
Cancer is the name given to a group of more than 100 diverse diseases that are characterized by abnormal reproduction of cells (Fouad and Aanei 2017) . It is a highly prevalent condition and one of the leading causes of death worldwide. Nearly 15 million cases of cancer occur each year, leading to approximately 8.2 million deaths (Global Burden of Disease Cancer Collaboration et al. 2015) . Despite the availability of a number of chemotherapeutic agents, the serious side effects associated with their use and drug resistance are major drawbacks in cancer therapy. To address these shortcomings, SBDD studies focused on several pharmacological targets have been explored in cancer R&D.
Microtubules are among the most studied molecular targets in cancer drug discovery. They form the cell cytoskeleton and participate in key biological processes such as cell reproduction, migration and intracellular transport (Mukhtar et al. 2014) . Microtubules consist of α and β tubulin heterodimers whose process of assembly and disassembly is essential for their biological function. Any disturbance in these dynamics interferes with vital processes such as the formation of the mitotic spindle (Lecland and Lüders 2014). Impairing mitotic spindle formation hinders mitosis and consequently leads to apoptosis. Therefore, tubulin has been intensively explored as a molecular target in cancer drug discovery. The value of targeting tubulin has been demonstrated by the use of anticancer drugs such as paclitaxel, vinblastine and vincristine (Seligmann and Twelves 2013) . Similar to other compounds targeting tubulin, these agents are broadly classified as microtubule-stabilizing drugs, such as paclitaxel, and microtubule-destabilizing molecules, such as vinblastine, vincristine and colchicine.
The use of these anticancer compounds is associated with several pharmacokinetics, toxicity and drug resistance issues. For example, colchicine, a natural tricyclic alkaloid, is highly toxic (Medani and Wall 2016) . Vinca alkaloids, such as vincristine and vinblastine, and taxanes, such as paclitaxel, have complex structures and many chiral centers, rendering their synthesis exceptionally challenging (Howat et al. 2014) . Podophyllotoxin (1), another highly potent natural product that acts as a microtubule-destabilizer, is also remarkably toxic (Kamal et al. 2015) . Given this context, less toxic compounds that have low structural complexity are greatly needed as new microtubule modulating agents.
Therefore, we have developed a drug discovery strategy based on the structure of podophyllotoxin (Fig. 2) . With the goal of identifying structurally non-complex molecules resembling the binding properties of podophyllotoxin, this approach led to the characterization of a series of acridinones as novel microtubule destabilizers (Magalhaes et al. 2016) . Following this strategy, a series of azaanalogues of podophyllotoxin that contain only one chiral center was synthesized using a one-step multicomponent reaction. These compounds were designed to interact with the colchicine binding pocket at the tubulin αβ interface and consequently prevent polymerization. The conception of the compounds was assisted by molecular docking studies that showed a high complementarity between the acridinone moiety of the inhibitors and the colchicine binding cavity at the αβ interface.
After the molecular docking studies and synthesis, several target-based and phenotypic assays were performed. First, the anti-migratory activity of the designed molecules was assessed since cell migration is dependent on microtubule formation. Some of the compounds were found to be potent cell migration inhibitors, as observed in Boyden chamber migration assays. Compounds 2 and 3 showed IC 50 values of 0.29 and 0.33 μM, respectively, which are comparable with that of colchicine (IC 50 = 0.32 μM). Next, these acridinones were evaluated for their cytotoxicity effects toward MDA-MB-231 cancer cell lines. IC 50 values of 0.19 and 0.11 μM were obtained for compounds 2 and 3, respectively. The activity of these compounds toward normal human fibroblasts was evaluated, and the results showed a high selectivity (~30-fold) for cancer cell lines, indicating a low potential for toxic effects.
In a next step, target-based studies were conducted to evaluate the ability of the designed molecules to inhibit tubulin assembly. As predicted by the molecular modeling studies, active acridinones were able to inhibit the assembly of purified tubulin. Compounds 2 and 3 displayed the most promising profiles, yielding IC 50 values of 2.4 and 0.9 μM, respectively, which are comparable to those obtained for colchicine. Competition assays confirmed that the designed inhibitors produce their microtubule-destabilizing effects by interacting with the colchicine binding cavity. Furthermore, cell cycle analyses showed that the most active inhibitors act as mitotic arresters, which is consistent with their microtubule-destabilizing activity. In addition, these compounds could induce cell apoptosis on a level similar to that of colchicine (65% of apoptotic cells after 24 h). In short, this medicinal chemistry strategy was able to identify novel, less toxic and non-complex microtubule destabilizers that were synthesized in a one-step reaction. The data gathered in this work render this series a promising starting point for further studies, which are in progress in our laboratory.
NEGLECTED TROPICAL DISEASES (NTDs)
The term NTDs is used to classify a group of 18 conditions predominantly caused by parasitic organisms that mainly affect low-income countries. Nearly one billion people suffer from these diseases, particularly in Africa, Latin America, and Asia 
CHAGAS DISEASE
Chagas disease is an NTD caused by the kinetoplastid parasite Trypanosoma cruzi, which affects between 8 and 10 million people worldwide. The disease kills more than 10,000 people each year and threatens approximately 70 million with the risk of infection ).
Chagas disease is endemic in 21 countries in Latin America, where it is the main cause of heart failure. Recently, the disease has become a public health concern in wealthy nations, mainly in the USA, where nearly 240,000 cases have been registered (Manne-Goehler et al. 2016 ). Chemotherapy of Chagas disease is restricted to two obsolete drugs: (i) benznidazole, a nitroimidazole discovered in the early 1970s and (ii) nifurtimox, a nitrofuran identified in the mid1960s. These drugs have several drawbacks, among which complete inefficacy in the chronic phase of the disease is the most relevant. In addition, serious adverse effects, such as skin reactions, gastrointestinal disorders, neuronal toxicity and fever, frequently result in a lack of commitment to treatment especially in adults (Coura and BorgesPereira 2011) . Benznidazole is less toxic than nifurtimox; thus, it is used as the first-line drug. These shortcomings demonstrate the immediate demand for novel therapeutic agents for Chagas disease.
Current SBDD approaches to Chagas disease drug discovery have focused on various T. cruzi molecular targets, among which cruzain has been one of the most explored. This enzyme, the main cysteine protease from T. cruzi, is expressed during the entire life cycle of the parasite and is vital for its nutrition, reproduction, invasion of host cells and evasion from the immune system . The validation of cruzain as a pharmacological target relies on genetic and chemical validation experiments, which have demonstrated the essential role of the enzyme for parasite survival and infectivity (Doyle et al. 2011 ). In addition, preclinical proof-of-concept studies have confirmed that cruzain inhibitors are able to clear parasite burden in animal models of the disease (Doyle et al. 2007 ).
As part of our current research activities on the identification of novel cruzain inhibitors, a series of benzimidazole derivatives were designed and evaluated (Fig. 3) . Benzimidazoles were previously identified as reversible cruzain inhibitors in an integrated HTS and virtual screening approach. This campaign resulted in the discovery of compound 4, which has an IC 50 value of 800 nM toward the enzyme (Ferreira et al. 2010 ). This compound was co-crystallized with the enzyme, and the X-ray structure (PDB 3KKU, 1.28 Å) revealed important aspects regarding the ligand-receptor molecular recognition. For example, the amide group of 4 was found to engage in a hydrogen bond network with the backbone of Asp161 and Gly66. The bromophenyl moiety was observed to interact with a key hydrophobic pocket of the active site, called the S2 subsite, and the benzimidazole group was found to build hydrogen bond interactions with water molecules.
Taking into account the crystallographic information and the high inhibitory activity of 4, medicinal chemistry efforts were undertaken, resulting in the synthesis of more than 40 derivatives that were evaluated against cruzain (Ferreira et al. 2014 ). The molecular optimization process was supported by molecular docking simulations, which were useful to evaluate the role of each ligand moiety for the ligand-receptor molecular recognition. The results of the enzymatic assays were used to generate important SAR data. For example, it was observed that switching the bromophenyl group with a bromonaphthyl and consequently increasing the hydrophobicity and steric bulk in this region results in an activity gain toward the enzyme (5, IC 50 = 210 nM). According to the molecular docking results, the bromonaphthyl moiety is able to fill the whole extension of the notably hydrophobic S2 subsite, an aspect that was recognized as the cause of the activity enhancement. Another relevant finding is the critical role played by the benzimidazole group, whose replacement with different cyclic systems results in a remarkable reduction in the biological activity. Out of the evaluated cruzain inhibitors, the lead compound 4 showed the most promising activity in phenotypic assays against T. cruzi (IC 50 = 1.63 μM).
Recently, these compounds have been evaluated for several pharmacokinetics parameters, such as HIA and metabolic stability. Thus far, the gathered results have indicated suitable ADME profiles. Furthermore, in vivo tolerability experiments disclosed no acute toxicity reactions in mice. In addition, QSAR models have been constructed to identify the key structural features that are critical to the biological activity of this series (Pauli et al. 2017) . Altogether, these studies have resulted in the identification of novel drug-like compounds that, given their promising biological activity and pharmacokinetics, are currently undergoing preclinical investigations aimed at evaluating their in vivo efficacy.
SCHISTOSOMIASIS
Schistosomiasis is a NTD caused by worms of the genus Schistosoma, mainly Schistosoma japonicum, Schistosoma haematobium and Schistosoma mansoni. The disease affects approximately 260 million people in nearly 80 countries, causing approximately 200,000 deaths each year. Additionally, 800 million people, mainly school-aged children, are susceptible to acquiring the infection (Colley et al. 2014 ). Schistosomiasis chemotherapy is based exclusively on praziquantel (PZQ), which is an old pharmacological agent identified in the 1970s (Thétiot-Laurent et al. 2013) . PZQ has an acceptable safety profile and is effective toward adult parasites. However, it is inactive against immature worms, and it is quickly metabolized. Clinically relevant drug resistance has not been detected; however, a reduced susceptibility in field isolates of S. mansoni has been observed in distinct sites (Wang et al. 2012) . These shortcomings have become serious concerns for the scientific community and demonstrate the need for novel drugs for schistosomiasis.
Therefore, several molecular targets from the Schistosoma species have been investigated (Mafud et al. 2016 ). These studies have been fostered by the publication of the genome of the three main species implicated in the human disease (Berriman et al. 2009 , Zhou et al. 2009 , Young et al. 2012 . The disclosure of these data has been a major breakthrough in the field because it has allowed for a better understanding of the molecular machinery involved in the parasite-host interplay and, consequently, in the disease physiopathology. One of the investigated targets, the enzyme purine nucleoside phosphorylase (PNP) is a key component in the purine recovery biochemical route . Since Schistosoma worms lack a de novo purine biosynthesis pathway, they depend entirely on the salvage pathway to fulfill their need for purines, which are required for the biosynthesis Postigo et al. 2011) . Following these findings, PNP has been explored at LQMC as a pharmacological target for the discovery of novel anti-schistosomal agents. In one of these studies, potent S. mansoni PNP inhibitors were identified by an approach that combined X-ray crystallography and molecular modeling (Fig. 4a) . A crystallographic structure of the enzyme previously obtained in our research group was used in molecular docking efforts by which a series of deazaguanine derivatives and other purine analogs were designed and evaluated ). This study led to the discovery of the highly active S. mansoni PNP inhibitors, 6-7, that had IC 50 values of 800 and 150 nM, respectively. Some compounds from this series were found to be moderately selective for the S. mansoni enzyme, as assessed by counterscreening assays performed on human PNP. After enzyme inhibition experiments, an X-ray structure of compound 6 in complex with S. mansoni PNP was obtained. This structure enabled the observation of the key intermolecular interactions that support the activity of these inhibitors. The purine ring, for instance, was found to engage in an extensive water-mediated hydrogen bond network with Ser247 and Glu203. The pyridine ring, in turn, interacts with Tyr202. The biological data along with the structural findings gathered in this work provide useful guidelines for the design of novel S. mansoni PNP inhibitors.
In further studies, several crystallographic structures of S. mansoni PNP were used for the generation of a pharmacophore model (Fig. 4b ) . The pharmacophore was identified based on the available PNP-inhibitor complexes, which revealed the most usual intermolecular interactions involved in the proteinligand recognition. Next, this 3D pharmacophore was used in a virtual screening effort. Commercially available compound databases were filtered by the Lipinski's rule of five and subsequently probed using the identified pharmacophore. This virtual screening campaign led to the discovery of several thioxothiazolidinone derivatives as novel S. . Taking the structures of these virtual hits as references, novel analogs were designed, synthesized and evaluated. The design of this new series was based on previous SAR data that showed that 9-deazaguanine derivatives that have bulky substituents engage in favorable interactions with the binding site of PNP . In short, this pharmacophorebased virtual screening led to the identification of novel S. mansoni PNP inhibitors that have suitable properties for further medicinal chemistry and molecular optimization studies (10-11, K i values of 9 and 12 µM, respectively).
QSPR MODELING AND PHARMACOKINETICS EVALUATION
The investigation of pharmacokinetics is critical for drug discovery. A drug candidate must exhibit a suitable balance between effectiveness against the target disease and appropriate ADMET properties. However, achieving an equilibrium between so many different parameters is not a trivial task. This is corroborated by numbers showing that poor pharmacokinetics is the leading cause of attrition during the late phases of drug R&D (Di 2015) . In this scenario, it is critical to estimate the ADME profiles of drug candidates during the early stages of the discovery process. Thus, the generation of predictive QSPR models is an effective strategy that has been increasingly used in parallel with in vitro pharmacokinetics profiling (Fig. 5) .
In line with our ongoing efforts focused on the establishment of integrated computational and experimental platforms to investigate drug ADME, we have developed the Database for Pharmacokinetic Properties (PK/DB), which is a tool for pharmacokinetics prediction based on highly predictive QSPR models (www.pkdb.ifsc. usp.br) (Moda et al. 2008 ). These models were DRUG DESIGN FOR CANCER AND TROPICAL DISEASES 13 built using the fragment-based method, Hologram QSAR (HQSAR), and using data retrieved from publicly available databases and the literature. The compilation of this material resulted in the generation of a data set that consists of more than 1200 compounds that have experimentally measured ADME properties. These data were used to construct six predictive QSPR models for the following parameters: human oral bioavailability, plasma protein binding, HIA, blood-brain barrier permeation, P-gp inhibition and water solubility.
The robustness of the resulting models was confirmed by several internal validation procedures and by the use of external test sets. During the second stage of this project, we developed new HIA models and validated them with experimental data obtained in our laboratory. In this investigation, QSPR models to estimate the permeability in Caco-2 and PAMPA assays were generated using data from more than 500 chemically diverse compounds. Drugs covering several therapeutic classes, such as antibiotics, anti-hypertensives, analgesics, anti-cancer, antiviral and anti-inflammatory agents were included. Both Caco-2 and PAMPA models demonstrated a remarkable correlation ability for the training set used to construct the models, as well as a noteworthy predictive power for a test set. Moreover, the quality of these models was assessed using validation sets that consisted of cruzain inhibitors designed and evaluated for their in vitro permeability in our laboratory. Both the Caco-2 and PAMPA models exhibited significant predictive abilities for these molecules. These newly constructed QSPR models are currently being incorporated into our pharmacokinetics database in an effort towards its continual improvement. These studies illustrate the full integration between computational and experimental strategies in drug discovery, which is pivotal for the establishment of robust centers for pharmacokinetics evaluation in Brazil.
DEVELOPMENT OF A NATURAL PRODUCTS DATABASE FROM THE BIODIVERSITY OF BRAZIL
Molecules isolated from natural sources or inspired by the structure of natural products have been actively explored in drug R&D. Recent estimates have shown that nearly 64% of all marketed drugs have their origins in natural products (Newman and Cragg 2012) . In this context, the availability of well-structured and easy-to-access natural product compound collections is an important demand in current drug discovery. Therefore, the remarkably rich Brazilian biodiversity, which accounts for approximately 20% of the global biodiversity, has been consistently explored by several research groups in Brazil. Among them, the Núcleo de Bioensaios, Biossíntese e Ecofisiologia de Produtos Naturais (NuBBE) of the Instituto de Química at the Universidade Estadual Paulista (UNESP) has been a pioneering group in the field of natural product chemistry.
In a project involving NuBBE and LQMC, we have developed a pioneering resource for drug discovery called the NuBBE database (NuBBE DB , freely available at http://nubbe.iq.unesp.br/ nubbeDB.html), a novel chemo-informatics tool incorporating natural products from the Brazilian biodiversity (Valli et al. 2013) . Including botanical, chemical, pharmacological, and toxicological information, NuBBE DB affords accurate information to the global scientific community and is a useful resource for drug discovery studies, particularly those involving virtual screening, metabolomics, and medicinal chemistry. Given the lack of databases that include secondary metabolites from the Brazilian biodiversity, NuBBE DB meets an important need in drug discovery since the knowledge of this chemical diversity, which has been produced over many years of research, is fragmented and very challenging to access.
The information used as the input to build the database was retrieved from papers published by NuBBE, which include chemical and biological data for 640 compounds. NuBBE DB compiles a variety of information for each of these compounds, including chemical class, name, molecular formula, mass, and source. In addition, biological, pharmacological and toxicological data, and related literature are provided. Moreover, molecular descriptors, such as the number of rotatable bonds, calculated octanol/ water partition coefficients (cLogP), number of hydrogen-bond donors and acceptors, number of Lipinski's rule of five violations, topological polar surface area (TPSA), and molecular volume, are available. The compound structures are encoded as SMILES strings, and the 3D conformations are accessible as Mol2 files. Several search mechanisms are available to explore the database, including a molecular drawing interface that allows the user to filter and select molecules using a combination of properties and chemical structures. The output of a given query includes several molecular descriptors, the structure of the selected molecules, a link to download the Mol2 files, and an information table for each compound.
One of the most innovative aspects of NuBBE DB is the inclusion of a broad diversity of information on secondary metabolites isolated from organisms from all representative Brazilian ecosystems, including the Amazon, the Atlantic Rainforest, Cerrado, and molecules from marine organisms. The chemical space covered is considerably extensive, featuring molecules from several distinct classes, such as pyrans, terpenoids, benzoic acid derivatives, alkaloids, phenylpropanoids, lignans, flavonoids, iridoids, and others. This demonstrates the high diversity and the chemical richness of NuBBE DB . Approximately half of the molecules in NuBBE DB have drug-like properties, an aspect that represents an interesting profile for the identification of compounds for drug design purposes.
In short, NuBBE DB is a pioneering database that compiles information on natural products from the Brazilian biodiversity, which comprises a broad chemical diversity with an ample variety of biological and pharmacological properties. This valuable tool can be used to assist drug research programs, especially those involving chemo-informatics, virtual screening and metabolomics studies.
CONCLUSIONS
Drug development is constantly evolving as novel scientific discoveries and technological advances are incorporated into the field. More efficient organic synthesis methods, chemical biology approaches and bio-and chemoinformatics strategies have dramatically changed the process by which an initial hit is converted into a marketable drug. In fact, this endeavor has become more challenging and more complex. In part, this can be attributed to the expansion of the field towards novel therapeutic areas that are at the limits of the science and technology available today. Undeniably, the pharmaceutical industry has turned its attention to complex and multifactorial conditions, such as cancer and diseases of age. However, the technology boost resulting from these enterprises produces beneficial effects for all other areas and players involved in drug discovery. Indeed, the strategies discussed in this review are strongly dependent on the high-quality interplay between the basic research originating from research institutions and academia and the R&D expertise coming from industry. An example is our partnerships with pharmaceutical companies and not-for-profit organizations to develop novel drug candidates for Chagas disease and leishmaniasis. The establishment of this type of joint effort is of pivotal importance for the progress of drug discovery. This applies especially to therapeutic areas, such as NTDs, that still require surmounting important challenges, such as decades of lack of novelty and shortage of resources.
In this context, multidisciplinary and integrated approaches are indispensable. Research facilities able to perform experimental and computational studies to evaluate pharmacodynamics and pharmacokinetics are greatly needed to identify molecules with a high potential to become drug candidates. This scenario demands a steady input from several areas of the chemical sciences, such as organic, medicinal, and biological chemistry, which stand at the frontier of the current drug R&D model. The integration of these disciplines in well-structured and consistent research projects is critical for developing promising drug candidates for treating critical conditions such as cancer and NTDs. Moreover, such an approach allows for considerable progress in biopharmaceutical innovation, which is a field that is a major scientific and technological bottleneck in Brazil.
